Abstract. The ionosphere is the region of the upper atmosphere and the study of the upper atmosphere has a significant role in monitoring, modeling and forecasting for satellite based navigation services. As India lies in a low latitude region, a more careful approach has to be taken to characterize the ionosphere due to the irregularities and 2
Introduction
A stand alone Global Positioning System (GPS) does not meet the air navigation parameters, such as: continuity, integrity, availability, and accuracy. In order to use GPS for 'safety-of-life' applications, such as air navigation, augmentation (satellite based or ground based) is required to achieve the navigation parameters. A Satellite-Based Augmentation System (SBAS) provides a wide area navigation facility, whereas a Ground-Based Augmentation System (GBAS) is limited to a particular airport. The important aspect of the SBAS is to broadcast ionospheric corrections to the SBAS users through a geostationary satellite. Grid based ionospheric models are being implemented by several countries for their SBAS systems to estimate ionospheric delays. The present SBAS systems developed across the world are, US Wide Area Augmentation System (WAAS), European Geostationary Navigation Overlay System (EGNOS) in Europe, Japanese Multi-functional Satellite-Based Augmented Systems (MSAS) and India's GPS Aided GEO Augmented Navigation (GAGAN). The Russian SBAS -System for Differential Correction (SDCM) is under development. The Indian SBAS -GAGAN is being developed jointly by the Indian Space Research Organization (ISRO) and the Airport Authority of India (AAI). The Equatorial anomaly phenomenon covers a region from the magnetic equator to 30° geomagnetic latitudes in each hemisphere. The equatorial and low latitude regions are characterized by large temporal and spatial gradients in the ionospheric delays. Therefore, an appropriate ionospheric model is necessary to investigate the ionospheric conditions over India. Ionospheric delays are characterized based on the ionospheric grid point (IGP) and ionospheric pierce point (IPP) (Ratnam 2013) . Grid-based models are generally used to estimate the ionospheric delays at the predefined ionospheric grid points and provide the values to the users (Sunda et al. 2015) . Then the user receiver interpolates the broadcast vertical delay at the IGPs close to their ionospheric pierce point to estimate its ionospheric delay.
Spherical Harmonic Analysis (SHA) is a prominent model for modeling total electron content (TEC) data scattered over the sphere. The SHA is based on the Fourier expansion of orthogonal functions with the solution of Laplace's equations. While fitting the regional data to the globe, the SHA addresses the problem in regional modeling over the restricted area (Haines 1985) . Therefore, a method is required for the modeling of ionospheric delay over a restricted area. A variety of nonharmonic methods have been developed for the assessment of ionospheric delay over a restricted area (Zolesi et al. 1993; Dvinskikh, Naidenova 1991) . In the present study, the ionospheric characteristics of the regional spatial interpolation methods are considered. For modeling the regional geomagnetic field, various alternative approaches have been adopted (Molina, De Santis 1987) . The individual elements of the local geomagnetic field are expected to represent the latitude and longitude by a simple polynomial modeling of the spherical harmonic expansion. This method requires the model coefficients to provide a realistic description of the regional field. Short-wavelength fields should be used and characterized with high degree polynomials. Unfortunately, they can produce duplicate values to fitting the data. Whereas, the data dissemination within an area must be identical (De Santis et al. 1990 ). Hence, a method for regional geomagnetic field modeling based on the rectangular harmonic analysis is adopted (Alldredge 1981) . This approach is a part of a Cartesian coordinate, which is the solutions of Laplace's equation, and this approach fits to a planar rather than a sphere (De Santis et al. 1990 ). Finally, Haines in (Haines 1985) proposed the Spherical cap harmonic analysis (SCHA) model which overcomes geomagnetic field problems over a limited region of the globe by means of the SHA model. This SCHA technique is a prominent model in geomagnetic fields over a limited region of the globe and has more complex computations of Legendre functions with a non-integer harmonic degree (De Santis 1992) . In this paper, the ASHA model is implemented for regional ionospheric modeling. The ASHA model is based on the extension of conventional spherical harmonics after the colatitude intervals are adjusted to the hemisphere (De Santis 1992). The Spherical Harmonic approach is based on the Fourier series expansion in terms of longitude-dependent and latitude-dependent associated Legendre function, which can be used to characterize the horizontal ionospheric profile (Opperman 2008) . The orthogonality of spherical harmonic functions is derived from the expansion of the sphere; the associated Legendre functions φ (cos ) equatorial anomaly conditions. In order to study the ionospheric temporal variations, a regional ionospheric model based on the Adjusted Spherical Harmonic Analysis (ASHA) is implemented. The results indicate that the ASHA model is one of the contenders for estimating ionospheric delays well for GNSS augmentation systems.
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Adjusted Spherical Harmonic Analysis
The orthogonality of the spherical harmonic function is derived from the expansion on the sphere, but it is lost within a certain area. Through coordinate conversion, the projection can be changed from a regional to global (An et al. 2014) . First, the spherical cap coordinate system is constructed, in which the regional center has a new pole passing through the longitude line and the geographic South Pole is considered as the initial meridian. Then, the original coordinates are transformed to new coordinates. The Spherical cap pole coordinate system includes λ ϕ 
The conventional Legendre functions will have the same properties with a non integer degree at the boundary intervals (see Fig. 1 ), with n = k. Equation (2) With this conversion, the ionosphere pierce point coordinates are projected from the region to the assumed sphere, which meets the requirements for the fitting variables of the spherical harmonic function. Unknown spherical harmonic coefficients are computed by the parameter estimation method known as the Weighted least square regression method.
ASHA model advantages
The orthogonality of the spherical harmonic Analysis (SHA) is derived from the expansion of the sphere, but the Legendre functions are not orthogonal over the Earth's sphere. The ASHA has the advantage in regional modeling to overcome the limitations of the SHA. Through the coordinate conversion, the projection can be changed from a regional to global; errors are minimized and predict better estimation values.
Estimation of the Ionospheric Gradient
In equatorial and low latitude regions, the TEC has often been quite high with large spatial gradients. A Ionospheric Gradient method based on spherical harmonics is used for estimating the ionospheric gradient in East and North-South directions (Christie et al. 2000) . The Ionospheric gradient in the East direction can be obtained by the differentiation of Equation (2) Similarly, the gradient in the North-South direction can be obtained by the differentiation of Equation (4) with respect to the colatitude θ ' ( )
Spherical harmonic coefficients obtained from Equations (3) and (4) are used to calculate local ionospheric spatial gradients.
Results and discussions
Vertical TEC values are estimated based on the spherical harmonic model over the India region. These Vertical TEC values are estimated at the Ionospheric grid point (IGP) over the Indian region by taking measurements from 17 GPS stations, which are part of the GAGAN-TEC Network. The 3 rd degree model was used for spherical harmonic coefficients. The ASHA model performance is evaluated by comparison with different grid models. Here we consider July 05, 2004 as a magnetically quiet day for estimating the ionospheric delay over the region of India. The P K index value on July 05, 2004 was in the range of < < 0 2 P K . The ASHA model can be evaluated by comparing with different grid models illustrated in Figure 1 at IGP (25° N, 75° E) . It can be observed here that the vertical delay estimated by the ASHA is closely related to the Planar fit model and the SHA. Further comparison has been carried out at different IGPs and results of minimum and maximum delay are illustrated in Table 1 .
Disturbed day data
Here we consider July 23, 2004 as a magnetically disturbed day to estimate the ionospheric delay over the region of India and the P K index value on July 23, 2004 ranges within < < 0 6 P K . The ASHA model can be again evaluated by comparing with different grid models illustrated in Figure 2 at IGP (25° N, 75° E). Similarly, a further comparison at different IGPs is listed in Table 2 . It is evident from the results that there are more vertical ionospheric delay variations for a disturbed day as compared to a quiet day.
Ionospheric Gradient towards the Eastern direction
Here again we selected July 05, 2004 (a magnetically quiet day) and July 23, 2004 (a magnetically disturbed day) for estimating the Ionospheric Gradient over the region of India. A Gradient method based on spherical harmonics is used for estimating the ionospheric gradient in the Eastern direction, as illustrated in Figure 3 at Table 2 . IGP delays observed at various IGP locations during the disturbed day (July 23, 2004 
Ionospheric Gradient towards the NorthSouthern direction
A similar exercise for the same days is carried out for estimating the Ionospheric Gradient towards the North-Southern direction over the region of India. A Gradient method based on spherical harmonics is used for estimating the ionospheric gradient in the North-Southern direction as illustrated in Figure 4 at IGP (25° N, 75° E). It can be noticed that contrary to the Eastern direction gradient, the North-Southern gradient is positive throughout the day. The maximum gradient is 1.25 m at 14.58 hr and the minimum is 0.18 m at 2.5 hr for the quiet day. Whereas, for the disturbed day, the maximum gradient is 1.71 m at 15.5 hr and the minimum gradient is 0.28 m at 2.58 hr.
Conclusions
A new methodology has been proposed to estimate the vertical delay at different Grid points using dual-frequency GPS measurements. The significance of the GPS-derived ionospheric TEC measurements for improving temporal variations with global and regional models was discussed. An adjusted spherical harmonic analysis based TEC model was implemented using the ionospheric delay observations over India and expressed in Sun-fixed longitude and adjusted co-latitude. The performance of the ASHA model is evaluated by comparison with different grid models. From the results it may be concluded that the ASHA model can also be considered for estimating ionospheric TEC variations from a regional network for satellite based navigation systems. The model can also be considered for estimating the ionospheric gradients to detect the irregularity in the ionosphere.
